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SECTION 1. 
INTRODUCTION v 
A. 
B. 
C. 
Purpose 
c__ 
This report comprises a study of a l l  factors pertinent to the feasibility and economics 
of converting into electric power, the geothermal energy issuing from drilled wells. 
The study applies particularly to wells in  the Mammoth area, California, bqt many of 
i t s  conclusions may be applied to other locations. 
Scope 
1
1. 
2, 
3. 
4. 
5.  
6. 
The scope of this report includes: 
Evaluation of heat cycles for the conversion of the geothermal energy to 
electric power in a single unit 15,000 kilowatt plant. 
Selection of the most satisfactory flash-steam cycle and the most satisfactory 
closed power fluid cycle for more direct comparison, 
Estimates of plant construction and operating costs for the cycles selected 
for comparison. 
Schedules showing estimated start-up and firm operating dates for the cycles 
selected for comparison. 
Drawings showing typical plan 'arrangements and elevations of plants uti1 king 
the cycles selected for comparison. 
'Review of current data on well production and on the available means for 
effluent disposal. 
7., Conclusions and recommendations. 
Heat Cycles 
There are a number of ways by which geothermal energy may be converted to electrical 
power, These fall into two general classes: 
1. 
I-' 
Those cycles involving the use of steam flashed at reduced pressures in one 
or more steps, passing the steam through a suitable turbine and condensing 
i t  in a partial vacuum. The cooled water and the condensate are then 
discharged to a sink or stream, No boiler feed pump i s  required. Pre- 
liminary studies indicate at this time that the double-flash cycle i s  the 
most economical of the plant steam cycles for the conditions at Mammoth 
and is  the steam cycle used in  this report. 
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2. Those cycles in which the heat i s  transferred to some other power fluid 
which in turn i s  passed through a turbine to a surface condenser and 
returned by means of a boiler feed pump to the heat exchangers and 
boiler. There are several fluids available for this service such as various 
refrigerants as we1 I as hydrocarbons of which butane i s  an example. (Note 
that throughout this report, the refrigerants comqonly known as Freon, 
Genetron, Payon 12, 22, 114, etc., w i l l  be referred to as refrigerant 12, 
22, 114, etc.) The critical characteristics of these fluids vary considerably 
and i f  this type of cycle were found to offer the most economical plant 
design a more extensive study of them would be indicated. 
There is, however, one chqracteristic which appears to be more or less 
common to al l  the special fluids. The heat available for use in a turbine 
between the limiting temperatures i s  relatively small per pound of fluid as . 
compared to water, resulting in a large flow of f luid for a given output. 
This large quantity must be returned to the heat exchgngers and boiler. The 
boiler feed pump power can therefore be a large fraction of the gross turbine 
output. 
One of the major turbine and refrigeration equipment manufacturers has made 
a study of the possibilities of these fluids;and, for the purposes of this 
feasibility report, their presentation and estimate for the equipment has been 
accepted using refrigerant 12. It i s  felt that the use bf other fluids, while 
they might improve the economics somewhat, would not effect the f i rst  
decision whether to use the flash steam cycle or the closed power fluid cycle. 
The designs shown in this re are, of necessity, based on average considerations. 
Improvements in performance may be made by incorporating special heat exchanger 
designs, cooling towers operating with a closer approach to the dew point, triple 
flash cycles, etc. It i s  contemplated that complete economic studies of possible 
efficiency improvements would be carried out for the final design. 
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SECTION 2. 
SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS 
The following is a summary of the conclusions and recommendations. 
A. Conclusions 
- 1  
L 
L 
1. . The plant design which wi l l  produce electrical energy for the least cost 
comprises a double flash steam cycle with a dual entry steam turbine 
together with the necessary auxiliary equipment and housing. 
Alternate designs utilizing special power fluids in a closed cycle are 
applicable to this geothermal energy source. However, investigation 
of the history of these fluids for power generation show: 
(a) 
2. 
k 
Progress in the application of special fluids as a power medium 
i s  rather limited. 
Thermodynamic data in table or chart form are not readily 
available in the temperature ranges suitable for power 
generation, 
A rather limited number of units i s  in service, and many of these 
are located in classified industries. 
Maximum size of units in service i s  about 750 kilowatts. 
Access to operating records of existing turbines i s  rather difficult, 
i f  not impossible and, because of the extreme difference in  size, 
could not be considered as truly applicable. 
(b) L 
k 
1: 
(c) 
I 
(d) 
(e) 
I )  
3.. For size of unit which i s  the subject of this report, refrigerant 12 appears to 
be the most suitable power fluid available. Refrigerant 114 and butane 
would give a higher theoretical efficiency but the high specific volumes at 
the lower pressures for the temperatures available, make ' the physical size 
of  the equipment impractical . The latter refrigerants are not recommended 
by the equipment manufacturer for this size of unit. 
While the closed cycle requires less water-steam mixture per net kilowatt 
hour output than the double flash steam cycle, the greater first cost more 
than offsets any advantages. 
L 
k, 
4. 
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il 
5. A closed cycle in the size under consideration wi l l  require utilization 
of specially designed equipment for which there i s  no operating 
experience on which to predict the reliability of plant performance. 
Availability of sufficient grid continuous geothermal flow appears to 
be certain, based on existing geological and test data. However, 
conclusive proof i s  yet to be established, 
The most satisfactory means of effluent disposal have as yet not been 
determined. 
6. 
7. 
Recommendat ions 
Based on the foregoing conclusions, it i s  recommended that: 
1. The double-flosh cycle with a dual 
basis for design of an electrical pow 
A program be initiated at an early date to establish proof of conhnuous 
well flow. 
.steam turbine be selected as the 
rotin9 station, 
2. 
3. A program running GO ve be established to 
determine a satis 
4. On the basis of i to the satisfaction of 
a l l  concerned, that then a contract be negotiated with a prospective 
customer to sel l  him electrical'energy based on the costs of a complete 
electric power f the double-flash. steam 
cycle. 
5. Following sucq power generating plant in 
general accordance with the heat-power cycle using the double-flash 
\ system be d and constructed. 
6. Based on res gineering to date lative to the use of other. 
power fluids, consideration be given to the merits of further study in 
this field in s quent development work at this or other sites. 
b 
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SECTION 3. 
DISCUSS I ON 
A. Flash Steam Cycles 
1. 
' 
Cycles considered were single, double, and triple flash with variations 
to include superheating of steam before entering the turbine. The cycles 
using flashed steam are shown on Diagrams 1 through 5, attached. 
Superheating i s  accomplished by first passing the hot water through a * 
heat exchanger in series with the flash tank and turbine before entering 
the turbine. The small efficiency gain by superheating d o 6  not seem to 
justify the additional costs involved, 
.' I ' 8  
ij 
I 
1 '  
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2. 
As between the single, double, and triple flash cycles, the dquble 
improves the efficiency about 25% over the single flash and the triple 
flash i s  about a 1oOh improvement over the double flash. The additiond 
costs of the double flash system over the single flash are well justified. 
It i s  questionable, however, with the conditions expected at Mammoth, 
that the increase in theoretical efficiency utilizing the third flash would 
justify i t s  increased costs. In addition, the third stage would operate 
below atmospheric pressure wLth the possibility of air infiltration, a 
serious matter with hydrogen iulphide in the steam, The specific volume 
of the steam uf sub-atmospheric pressures means large and expensive ducts, 
It is probable, therefore, that the three flash system would not be justified, 
although this cannot final Iy be determined before establishment of the cbst 
of steam and the rate of fixed charges to be used. In view of the above 
considerations the two flash cycle has been selected for the purpose of 
this report. 
The equlpment for conversion of heat energy In the form of steam to electrical 
power i s  the steam turbine,which has a well proven and accepted performance 
record. The basic equipment of a plant incorporating the double-flash cycle 
comprises the following items: a turbine-generator, barometric condenser, 
1 non-condensable gas removal system, two-stage flash tank, cooling tower, 
circulating water pumps and plant auxiliaries. 
The steam turbine i s  available and similar units are being currently manu- 
factured by several well qualified manufacturers. The service conditions at 
the Mammoth area would be no more severe than those imposed on process 
turbines now in service throughout the United States. 
- 6 -  
Surface, barometric, and low level iet condensers are types available 
for power station use. The surface condenser i s  eFpensive and unnecessary 
if the condensate i s  not to be returned to a boiler. The barometric and 
jet condensers mix the condensate with the cooling water. Either would 
be satisfactory. The low level iet condenser requires less head room but 
needs a pump for removal of condensate and circulating water. The terrain 
i s  such at the Mammoth area that it may be possible to attach the barometric 
condenser directly to the turbine exhaust and eliminate costly and cumber- 
some exhaust ductwork. 
c 
1 '  
Non-condensable gas removal equipment requires careful study for siring 
because of the abnormally high ratio of non-condensables to steam flow as 
compared to conventional steam-electric power stations having boilers 
being fired with a fuel such as gas, coal and oil, 
The two-stage flash tank for separation of steam and water can be made more 
kii 
economically as a single vessel with a partition to form two chambers than 
as two separate vessels, The compact design will  lend itself well to keeping 
pipe runs and pressure drops at a minimum. 
Cooling towers, circulating water pumps, and auxiliaries are a l l  standard 
equipment. Mechanical draft towers have been selected in preference t0 
spray or cooling ponds for the purposes of this report but the latter would 
be reconsidered in a final design. 
L 
1 
i: 
8. Cissed Power Fluid Cycle 
1. Cycles considered vary only as to the pQwer fluid used. Several-refrigerants 
were studied as well as butane and hexane. The flow diagram of the closed 
power cycle i s  shown on Diagram 6, attached. 
bl 
i i  
iJ 
f 
h 
2. The refrigerant most compatible to expected geotherm'al well temperatures 
at Mammoth, the present state of special power fluid turbine design, cost of 
refrigerant inventory and total plant cost i s  refrigerant 12. This may not be 
true for conditions ut oth'er locations, A study to determine the lowest well 
temperature applicable to economical development of power, at any particular 
site, involves the above items and other factors. Among these are the cost 
of money and the market for power. Temperatures referred to are those of the 
aquifer or water stratum and are not to be confused with. temperatures at the 
well heads. 
The closed power fluid cycle selected to be the most favorable for this study 
makes use of refrigerant 12 and i s  the only one for which equipment costs 
could be obtained, The basic plant equipment comprises the following items: 
a turbo-generator, surface condensers, condensate booster pump, boiler feed 
pump, heaf exchangers, unfired boiler, unfired superheater, flash tank, cooling 
tower, circulating water pump, and plant auxiliaries. 
\ 
J 
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3. The turbine proposed for this cycle is, in contrast to the axial flow type 
of design currently used as a prime mover, comprised of a radial inflow 
wheel designed to permit expansion of the power fluid. Actually, in 
appearance, it i s  very similar to a centrifugal pump. 
I I  
1 
Interest was not keen enough at this time for other manufacturers to submit 
a proposal, but discussions with their engineers revealed that they may 
possibly favor an axial flow turbine. Discussions also revealed that 
engineers were less familiar with approaches to establishing optimum 
conditions in the use of special power fluids as compared to water and 
steam. This i s  not to be construed as a reflection on the ability of the 
many capable engineers and engineering groups now engaged in this work, 
but emphasizes rather strongly that research and practice in the application 
of special fluids as a medium of power generation has been and is, rather 
limited. Standard shell and tube condensers are used in the preliminary 
design. In the final design of any cycle making use of the special fluids, 
two holf-sized condensers would probably be the maximum number for a 
single turbine, and more than likely, a $ingle ful l  capacity condenser per 
turbine would be the most economical selection. The condensers are 
designed for water flow through the tubes and refrigerant 12 flow on the 
exterior surfaces in a cross flow pattern. 
To return the condensate to the heat exchangers and boiler, a booster 
pump and boiler feed pump operating in series are necessary. The total 
power requirements of these two pumps i s  approximately 3000 hp. The, 
boiler feed pump i s  directly connected to the main generator shaft with o 
motor drive for the booster pump for starting purposes. 
The proposed heat transfer units for transfer of geothermal heat energy 'to 
the power fluid comprises four heat exchangers, one boiler, and one 
superheater, all being of the shell and tqbe type. Boiling and superheoting 
of tHe power fluid Is done entirely by the flashed steam with 'condensed 
steam discharging to the heat exchangers for additional transfer of heat to 
id 
ti 
j b  
\ L 
r '  the power fluid. 
, The flwh tank required for this cycle i s  to &e a single flash type for 
produce dry steam need not be. as high as the requirements for a steam turbine ~ 
cycle. 
h 
i separution of water and steam. Efficiency requirements of a flash tank to 
bd 
L 
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The cooling tower selected i s  to be of the mechanical draft type with one 
pump, or possibly two half capacity pumps in parallel, providing the means 
of circulating the condensing water. Well water i s  to be used for the 
cirqulating water inventory and make-up. Cooling tower maintenance could 
possibly be more of a problem in this cycle than the steam cycle where 
condensate only i s  used in the cooling water system. Again spray or cooling 
ponds would be considered in the final design. 
Potential cycle improvements may result with the use of a fluid with more 
advantageous thermodynamic properties. However, not to be overlooked is  
the cost of a power fluid and how i t s  pressure and temperature may effect 
design requirements of the equipment . 
4. 
C. Well Production 
Although the availability on a continuous basis of sufficient energy to supply a 
15,000 kw electric generating plant has not yet been demonstrated fully, this 
should be no point for alarm except possibly the disposal of effluent as covered 
below. Due to the precipitation of calcium in the well casings during flow, well 
production i s  reduced and may even cease. However, a suitable maintenance 
program of routine cleaning of the well bore should insure sufficient energy for 
continuous production of full plant output. Wells in both Italy and New Zealand 
are operatipg very satisfactorily under such a maintenance program, Chemical 
injection into the wells to hold the calcium in solution i s  to be tested in wells of 
similar characteristics in the State of Nevada and may prove to be a mqre satisfactory 
and less costly means of maintaining clean well bores. 
Present geological and well test data indicate that an ample supply of.heat energy 
i s  available, The studies have been made on the assumption that the wells wi l l  
supply this energy at a pressure of at least 50 psia at the flash chamber. This may 
not necessarily represent the optimum condition, determinable only from flow test 
data of the individual wells. Conclusive proof of continuity of we$ production also 
sh'ould be demonstrated, following completion of the flow tests. 
D, Effluent Disposal 
- 
Discussions were held with the public agencies concerned with the controls and/or 
regulations affecting water disposal in the area. These agencies desire that discharge 
into any water source subject to public service does not cause these sources to exceed 
tecomm,ended I imitations established by these agencies. The Lahontan Regional 
Pollvtion Control Board i s  quite insistant that geothermal well effluents be regulated 
and monitored with respect to flow rates and chemical composition if discharged in 
the nearby area. 
I 
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i I streams, but chemical 
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Both of the latter pose a lbi 
'i: 
1 %  
t their desire to coope 
r ,  u 
ij 
& 
i 
t i  
f 
< I  
I 
b 
i 
b 
u 
, I  
I ]  
ei 
Y 
b 
I 
L 
I 
SECTION 4. 
COST ESTIMATES 
A. Construction Costs i i  
I 
The estimated capital costs of the two types of plants described previously in 
this report are as follows: 
bl 
1. Two-Stage Flash Steam Cycle $2,100,000.00 
$140.00 
2. Refrigerant 12, Closed Power Fluid Cycle $2,800,000.00 
$187.00 
L 
i, 
.L 
i, 
Cost per net KW Qf capacity 
Cost per net KW of capaci 
The designs provide for a net output of 15,000 k during summer weather 
conditions. In the colder seasons the net output would be slightly greater. 
The figures include provisicrn for contingencies and engineering, property 
improvements, interest during construction, etc., but do not include well 
and collecting piping costs, the step-up transformer, high voltage switching. 
structures nor working capital, 
t i  B. Operating Costs 
Annual costs of either plant wi l l  clppro ate the following: 
id  
Administration $20,000 i .  
L 
L 
il 
ir; 
Operation.& Maintenance $70,000 
The cost of steam and/or water must be added to the above. The items of 
administration and operation and maintenance are based on the assumption 
that the plant would be operated as a separate entity. If i t  were to become 
a part of a system, these costs toul be materially reduced . Property and 
income taxes, insurance, cost of ey, etc., must be tablished bef0re.a 
kilowatt-hour cost can be determined. 
! *  
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SECTION 5. 
L 
i; CONSTRUCTION SCHEDULES 
I A. Double Flash Steam Cycle 
The schedule for this system i s  predicated on turbine delivery. The turbine 
order should be placed 3 months after start of final engineering. Delivery i s  
estimated at 12 months. Installation should take an additional 3 months 
after del ivery . 
Start-up i s  then estimated at 18 months after start of final engineering. Firm 
power should be available 4 months after start-up. 
L 
i 
L 
f ‘  
Li 
I id B. Closed Power Fluid Cycle 
Id 
The schedule for this system i s  also predicated on turbine delivery. The 
turbine order should be placed 5 months after start of final engineering, 
Delivery i s  estimated at 18 months, Installation should take an additional 
3 months after delivery . 
Start-up i s  then estimated at 26 months after start of final engineering. Firm 
power should be wailable 4 months after start-up. 
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SECTION 6 
L 
1 
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i DRAWINGS AND DtAGRAMS 
A. Drawings attached t 
1. 15 MW Steam 
and Heat Balance 
177 1-62-4-0 One 
2. 15 MW Closed Power 
, *  
iQ 
B. Heat cycle diagram id 
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